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Defective interfering (DI) RNA of cymbidium ringspot tombusvirus (CymRSV) was used to identify the cis-acting nature of
the last 77-nt sequence of the viral genome which is required for DI RNA accumulation. The 3*-terminal cis-essential domain
of both genomic and DI RNAs can be folded into a stable stem–loop structure composed of three hairpins and two short
non-base-paired regions. None of the three conserved stem–loops can be deleted without abolishing the infectivity of DI
RNA. Similarly, those mutants in which base-paired stem regions were disrupted by single-, double-, or triple-base substitu-
tions were unable to replicate. However, when the original structures were reconstructed by compensatory mutations the
viability of the molecules was also restored. Limited mutation (1 or 2 nt) in the non-base-paired region did not show any
significant effect on viral replication. Our results strongly suggest that the proposed structure for the 3* terminus of the
viral genome is very important for viral RNA replication. It is very likely that the function of this structure is to promote the
minus-strand synthesis of CymRSV DI RNA. Evidence is provided that the proposed 3*-terminal structure is relevant not
only for CymRSV DI but for genomic RNA as well. q 1995 Academic Press, Inc.
Cymbidium ringspot tombusvirus (CymRSV) is one of viral RNAs (8–12), sequences near the 3* terminus of
the CymRSV viral RNA are required for replication. Inthe best studied members of the genus Tombusvirus,
with a positive-sense, single-stranded RNA genome particular, it was shown that only the last 77 nucleotides
of the 3*-terminal 102 nucleotides are necessary for repli-(4733 nt) that encodes at least four nonstructural proteins
(33, 92, 22, and 19 kDa) and the coat protein (1). In addi- cation of the smallest defective interfering RNA (DI-2) of
CymRSV (7). However, it was not defined whether thetion to genomic and subgenomic RNAs, CymRSV sup-
essential feature(s) in this 77-nt region consists of a sin-ports the replication of a family of defective interfering
gle extended sequence, RNA folding motif, or discrete(DI) RNAs, which are deletion mutants derived from the
domains separated by nonessential spacer elements.noncontiguous regions of the genomic RNA (2, 3) and
A study was therefore undertaken to explore in detailare generated de novo during viral replication (4). The
the cis-acting feature of the 3* terminus of CymRSV viralpresence of DI RNAs in CymRSV-infected plants results
RNAs. As a first step in the systematic approach to definein symptom attenuation preventing plant death, as shown
more precisely the cis-acting nature of CymRSV RNA 3*in experiments where Nicotiana benthamiana or Nicoti-
terminus, cDNA clones of G11 genomic (13) and DI-2ana clevelandii plants were coinoculated with in vitro
RNAs (14) were mutated to map the 3* end of viral ge-synthesized transcripts of DI and genomic RNAs (5) or
nomes for the presence of cis-acting sequences. To pre-where transgenic N. benthamiana plants expressing DI
pare the deletion and substitution mutants shown in Figs.RNA sequences were inoculated with genomic RNA tran-
1 and 2, the original G11 and DI-2 cDNA clones werescripts (6). DI RNAs are incapable of autonomous replica-
mutagenized by site-directed mutagenesis (15) using thetion but contain all the cis-acting elements necessary
oligonucleotides listed in Table 1. The folded 3* end offor replication. In addition, tombusvirus DI RNAs do not
DI RNA is characterized by a stable hairpin structureencode the trans-acting factors necessary for helper ge-
which is composed of three stems (A, B, and C) dividednome replication either in transfected protoplasts or in
by two short non-base-paired regions (Fig. 1A). Deletioninoculated plants. Taking advantage of this characteris-
mutant designs were based on the computer-predictedtic, DI RNA was used to localize sequences which direct
secondary structure of last the 77-nt sequence of DI-2the replication of the viral RNAs (7). Similar to other plant
RNA. In vitro RNA transcripts of DI-2 RNA mutants mixed
with synthetic helper genome were used to inoculate N.
clevelandii plants and protoplasts in four replicates as1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (36-28)330 482. E-mail: burgyan@hubi.abc.hu. previously described (6, 14). Total RNA was extracted
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were able to replicate in inoculated plants in the pres-
ence of synthetic helper genome were isolated, cloned,
and sequenced as described by Dalmay et al. (13). Se-
quence analysis of progeny RNAs showed that the effi-
cient replication of these mutants was not a conse-
quence of a sequence reversion (not shown). However,
those single (A2)-, double (A3, B2, B3)-, or triple-base
(A4) mutations (Fig. 2) that were created in the A and B
stems completely abolished the DI RNA accumulation
both in inoculated plants (Fig. 3) and in infected proto-
plasts (not shown). The sensitivity of the proposed A and
B stems (Fig. 2) to small changes in nucleotide sequence
suggests that the base-pairing interactions in this region
are very important for DI RNA accumulation.
The validity of computer-predicted stem–loop struc-
tures was further tested by compensatory mutations
which were additionally introduced into the biologically
inactive A (A2, A3, A4) and B (B2, B3) hairpin mutants. In
these mutants the original presumptive base pairs were
replaced with inverted pairing or covariations in order to
restore the wild-type structure (Fig. 2). The Northern blot
analysis shown in Fig. 3 demonstrates that A22, A33,
A44, and B23 DI RNA compensatory mutants (Fig. 2) car-
rying the wild-type stem–loop structure at the 3* terminus
FIG. 1. Secondary structure prediction for the last 77 nt at the 3*
terminus of CymRSV genomic and DI RNAs. (A) DI-2 RNA deletion
mutants carrying longer deletions in the 3*-terminal regions. The boxed
nucleotides are deleted from the individual mutants whose names are
indicated inside the boxes. (B) Single- or double-base DI-2 RNA mutants
in the non-base-paired regions of the proposed 3*-terminal structure.
Mutated nucleotides are indicated by boldface letters, and arrows show
the substituted bases in the mutants, whose names are boxed beside
the mutations. In the case of the A8 mutant the arrow indicates the
position of the introduced nucleotide. The MFOLD program of the
UWGCG Sequence Analysis Software package was used for secondary
structure predictions.
from infected plants and the accumulation of DI RNAs
was analyzed by Northern blot hybridization (14). Mutants
containing deletions of 5 nucleotides or more, either in
base-paired (A1, B1, and C1) or single-stranded regions
(C2 or C3) (Fig. 1A), were unable to accumulate (Fig.
3). These results strongly suggest that the entire 77-nt
sequence is needed for the DI RNA accumulation, since
significant changes in that region were not tolerated.
Additionally, mutants were prepared to determine
whether the nucleotide sequence and/or the structures
of these regions were involved in cis in viral genome
replication. Those mutations which affected one or two
nucleotides in the single-stranded regions between two
FIG. 2. Schematic representation of A and B stem mutants CymRSV
stems (B4, C4, and C5), in a loop (A7 and A8), or in a DI-2 RNA. Mutated nucleotides are in boldface. Bars between two
bulge (C6) (Fig. 1B) did not significantly influence the nucleotides indicate the base pairing. wt indicates the predicted sec-
ondary structure of wild-type DI RNA.accumulation of DI RNA (Fig. 3). DI RNA mutants which
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TABLE 1
Nucleotide Sequences of Oligonucleotides Used for Site-Directed Mutagenesis of CymRSV DI RNA
Mutants Modifications Sequence (5* to 3*)
A1 Del. 389–400 ACAACCGGAACAT----GCCC/GGG
A2 391 C r A ACATTGAAGCAATGCAGCCC/GGG
A22 391 C r A TTGAAGCAATTCAGCCC/GGG
398 G r T
A3 390 G r C GAACATTCGAGCAATGCAGCCC/GGG
391 C r G
A33 390 G r C TTCGAGCAATCGAGCCC/GGG
391 C r G
398 G r C
399 C r G
A4 397 T r A CATTGCAGCAAACGAGCCC/GGG
398 G r C
399 C r G
A44 390 G r C CGGAACATTCGTGCAAACGAGCCC/GGG
391 C r G
392 A r T
397 T r A
398 G r C
399 C r G
A6 401 G r A GCAGCAATGCAACCC/GGG
A7 394 C r T AACATTGCAGGTAATGCAGCCC/GGG
A8 395 r T ACGTTGCAGCTAATGCAGCCC/GGG
B1 Del. 373–382 GGAAGCACTAC------GAACATTGCAG
B2 373 C r G GAAGCACTACGCGACAACCGGAAC
374 G r C
B3 381 C r G CAACGCGAACATTGCAGCAATGCAGCCC
382 G r C
B23 373 C r G GAAGCACTACGCGACAACCGGAAC
374 G r C CAACGCGAACATTGCAGCAATGCAGCCC
381 C r G
382 G r C
B4 385 A r T CAACCGGATCATTGCAGCAATGCAGCCC
C1 Del. 338–352 ACGGTTGATCTCACCC------GAGATCGCTGGA
C2 Del. 348–352 CGGGGGGG------GAGATCGC
C3 Del. 365–369 GATCGCTGGA------TACCGGACAACC
C4 368 A r G TCGCTGGAAGCGCTACCGGACAAC
C5 366 G r A TCGCTGGAAACGCTACCGGACAAC
368 A r G
C6 350 A r T TCGGGGGGGCTTAAGAGATCGCTG
351 T r A
Note. Mutated bases are underlined.
with altered sequences accumulated efficiently in the the stability of stem A but the mutant failed to accumulate,
suggesting this nucleotide itself had a particular role inpresence of the helper genome both in inoculated plants
and in transfected protoplasts (not shown), but not as RNA replication.
efficiently as the wild-type DI RNA. The sequence analy- To test whether the stem–loop structure proposed for
sis of the progeny of DI RNA mutants extracted from the 3* end CymRSV DI RNA is also required for replication
leaves displaying systemic symptoms showed that the of the helper genome, two genomic RNA mutants were
progeny molecules had the corresponding input DI RNA prepared. A4 and A44 mutations (Fig. 2) were introduced
sequence (not shown). The results described above into the corresponding positions of the CymRSV genomic
clearly indicate that the predicted stem–loop structure RNA, resulting in the mutants G4 and G44, respectively.
is functionally essential and only limited mutations which Thus, if this structure was recognized by the viral repli-
maintain the predicted wild-type structure are tolerated. case in the DI RNA, we would predict that the G44 RNA
maintains the biological activity while the G4 RNA doesThe mutant A6 represents an exception to the above
observation (Figs. 2 and 3). The substitution of G to A at not. As expected, the G44 mutant accumulated at wild-
type genomic CymRSV RNA levels, while the G4 mutantthe04 position from the 3* end was predicted to increase
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FIG. 3. Northern blot analysis of RNA extracted from leaves inoculated with G11 and mutant DI RNA transcripts. The names of mutants are shown
above the lanes. G, D, and M show the positions of genomic RNA, dimer, and monomer DI RNAs, respectively. Northern hybridization was made
using 32P-labeled nick-translated probe of a clone containing only the central block B of DI-2 RNA (4).
failed to accumulate either in infected plants (Fig. 3) or is very likely that the function of the determined structure
is to promote the negative-strand synthesis of CymRSVin inoculated protoplasts (not shown). Sequence analysis
of progeny genomic RNAs showed that the introduced viral RNAs, perhaps forming a motif recognized by the
viral replicase.mutations were conserved during the viral RNA accumu-
lation (data not shown). The 3*-terminal regions are very conservative among
the sequenced tombusviruses (1) and they can be foldedIn the present paper we have used site-directed muta-
genesis to study the structure of the 77-nt 3*-terminal into a similar structure described for the CymRSV viral
RNAs, suggesting that our observation is probably alsoregion of CymRSV DI RNAs, which has been shown to
be essential for RNA replication (7). This 3*-terminal cis- relevant to other tombusviruses. This suggestion is sup-
ported by the observation of Z. Havelda and J. Burgya´nessential domain of both genomic and DI RNAs can be
folded into a stable stem–loop structure. Deletion of 5 (unpublished result) that the replication of CymRSV DI
RNA is supported by eight different tombusviruses, indi-non-base-paired nucleotides or any of the conserved
hairpins abolished the DI RNA accumulation. Similarly, cating that the 3* end of CymRSV DI RNA is recognized
by other viral replicases.mutants in which base-paired stem regions were dis-
rupted by base substitutions were unable to accumulate.
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